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COMPRESSED AIR 

Simons The vo ^ ume ^ ree a * r w ^ich must be compressed to make, 

after being cooled down to 60 ° Fahr., 1 cu. ft. of air at 75 lb. gage, 
we find from the equation 


Reheating Compressed Air 
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(5) Proximate analysis of ash ami refuse: 

Carbon 30.92 

Earthy matter 68.93 

Moisture 0.13 


100.00 

It was assumed that each pound of wood used as kindling had 
a calorific value of 0.4 pound of coke, and that each pound of oil used 
in kindling the fire had a calorific value of 1.47 pound of coke. The 
calorific value of carbon is taken as 14 540 B.t.u. per pound. From 
these assumptions and the data from the several analyses the various 
items presented in Table I were computed. Til test 100-400-b the 
weight of ash and refuse was not recorded. Since they were obtained 
by computing the ash and refuse from the average grate efficiency, 
items 18 and 20 for this test are enclosed in brackets to indicate that 
their accuracy is open to some question. 

Table 2 presents various data and the economic results of the 
tests of Type I reheater. The several numbered columns of the table 
present average recorded data or computed results. The methods of 
computing the various items are either indicated or obvious without 
further explanation. The efficiencies shown under items 14 and 15 
are of chief interest. The efficiencies, exclusive of grate, vary from 
48.0 to 61.5 per cent. The best efficiencies were obtained when from 
100 to 150 cubic feet of free air per minute were reheated. 

10. Tests of Type 11 Reheater . — In the Type II reheater the 
compressed air flowed through a series of cast iron coils set in a 
casing so that the coils were 12 to 15 inches above the normal level of 
the fire. No baffling was provided to force the heated gas over the 
coils, and the area of the furnace and casing exposed to the outer 
air was large; consequently the loss of heat by radiation was great. 


Table l The heating surface of the coils was 18.6 square feet. The tests of 

Results of Tests of Type I Reheater this reheater were made **> exactl >' the * ai » e >»a.iner as has been 
_ ____ described for the Type I reheater. 







Gage-box Data 


Gross Fuel per Test 



1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

Designation 


Length 

Diameter 

Pressure in 

Temper- 

Barometer 
»(in. Mercury) 

Gage-box 

*< 




Date 

of Test 
(hrs.) 

of Orifice 
(in.) 

Gage-box 
(in. Water) 

ature in 
Gage-box 
v'Jeg. F.) 

Coefficient 

(Durley’s 

Curves) 

Coke Wood Oil 

fib. per Test) fib. per Test) (lb. per Test) 

."■0-400— a 

0-10-12 

8.00 

1.5 

3.56 

241 

29.5 

0.603 

24.0 

3.00 

0.30 

100— 400— a 

0-11-12 

8.00 

2.0 

4.86 

297 

29.4 

0.601 

42.5 

3.00 

0.25 

3 50-400— a 

6-12-12 

8.00 

2.5 

4.59 

316 

29.2 

0.598 

52.0 

3.00 

0.25 

2<X>-400-a 

6-14-12 

S.00 

3.5 

2.04 

308 

28.8 

0.597 

70.0 

4.00 

0.30 


27 5-200 -b 

5-30-12 

6.33 

3 . 5 

3.88 

275-200— c 

6- 1-12 

8.50 

3.5 

4.02 

1 (.'< >-250-b 

6— 3-12 

8.00 

2.5 

2.15 

2( *i-300-b 

6-13-12 

4.00 

3.5 

2.16 

Tun-300-b 

5-27-12 

5.00 

2.5 

2. OS 

100-500— c 

5-29-12 

8.00 

2.5 

2.06 

! 00-400- b 

6- 5-12 

8.00 

2.5 

2.10 


Fuel Equivj 


203 

29 3 

0.595 

39.5 

3 . 00 

0.66 

223 

29.1 

0 . 595 

50.0 

3 . 00 

0.60 

220 

29 2 

0.599 

23.0 

3.00 

0 40 

287 

29.1 

0.597 

33.0 

3.00 

0.30 

225 

28. S 

0 599 

20.0 

1 . 25 

0. 10 

243 

29.1 

0.599 

37.5 

3.00 

0 30 

291 

29.3 

0 . 599 

44 0 

3 . 00 

0.30 


Net F uel 


Designation 

n 

12 

13 

14 

15 

16 

17 j 

18 

19 

20 

Ash and 
lie i use 

fib. per Test) (lb 

Residual 

Fuel 

. per Test) 

Coke 

Equivalent 
of Wood 
and Oil 
(lb. per Test) 

Total 

Equivalent 

Coke 

(lb. per Test) 
(Item 8-r 
Item 13) 

Coke 

Equivalent 
of Ash 
and Refuse 
'lb. per Test) 

Coke 

Equivalent 
of Residual 
Fuel 

(lb. per Test) 

Net 

Equivalent i Net 

Coke Charged Equivalent 
against Coke 

Reheater Consumed 

(lb. per Test) (lb. per Test) 
(Item 14- (Item 17 — 
Item 16) Dem 15) 

Net 

Equivalent 
Coke Charged 
against 
Reheater 
fib. per hr.) 
(Item 17 4- 
Item 2) 

Net 

Equivalent 

Coke 

Consumed 
lb. per Test) 
(Item IS -r 
Item 2) 

50— 400- a 

1.50 

4.50 

1.64 

25.64 

0.52 

4.36 

00 

Cl 

Cl 

20 . 76 

2 . 66 

2 60 

100-4 00- a 

2 50 

11.00 

1 . 56 

44 . 06 

0.87 

10.70 

33.36 

32 . 4 9 

4 . 17 

1 . 06 

150— 4 Of)— a 

4 50 

S . 25 

1.56 

53 . 56 

1 . 56 

7.94 

45.62 

44 . 06 

5.71 

5 . 5 1 

200-4 00- H 

7 "5 

12.00 

2.03 

72.03 

2.71 

11.66 | 

a) 37 

57 . 66 

7 . 55 

7.21 

275— 200- b 

4.42 

13.11 

2 16 

4 1 . 66 

1 . 54 

12.72 i 

2$ . 94 

27 . 40 

t . 56 

4 . 53 

275— 200-c 

4 . .0 

9 . 75 

2.07 

52 . 07 

1 . 56 

9 . 49 ! 

42.58 

41 . 02 

5.02 

4 . 82 

10O-250-b 

] ~ 

3.00 

1.78 

21 . 78 

0.61 

2.92 

21 .86 

21.25 

2.74 

2 . 66 

20O-.-.0U-O 


9 . 50 

1.64 

34 . (>4 

0 . 70 

9 . 23 

25. 4J 

24.71 

55 

6 . 18 

• ‘ - OO-b 


7.88 

0 . 65 

20 65 


7 66 

13.00 

! 12 . 551 

2 . 60 

[2.511 

I , i»< t—' 


11.23 

1.64 

39. 14 

0 94 

10 93 | 

28.21 

27 . 27 

5 . 53 

3 . il 

: ■*>.» -b 

> 

11. CO 

1.64 

45.64 

0 . 87 

10.70 

34 , 94 

54 67 

■; 57 

4 20 



Table 2 

Results of Tests of Type I Re heater 


Designation 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

Length 
of Test 

(hr.) 

Pressure 
of Air 
Entering 
Rcheater 
(lb. per sq. 
in. Gage) 

Temper- 

ature 

Air 

Entering 
Reheater 
(deg. F.) 

Temper- 

ature 

Air 

Leaving 
Reheater 
(deg. F.) 

Rise of 
’Temper- 
ature 

Air 

Reheated 
Air in cu. ft. of 

Reheated Free Air 
(lb. per hr.) per min. 

(62° F., 1 
14.7 lb. 
Abs.) 

Specific 
Heat at 
Const. 
Press. Air 
Saturated 
Entering 
Reheater 

B. t. u. 
Trans- 
mitted to 
Com- 
pressed Air 
(per hr.) 

R. t. u. 
Trans- 
mitted 
per hr. per 
sq. ft. of 
Heating 
Surface 

Total 
B. t. ii. 
Supplied 
per hr. 

Grate 
Loss 
per Lit. 
in B. t. u. 

'M-400-a 

S.00 

100.7 

98.1 

402. S 

304 . 7 

21S 

47.7 

0.244 

16170 

5590 

34559 

844 

10<i — 100-a 

8.00 

109.9 

111.5 

409.2 

297.7 

432 

05.0 

0.244 

31440 

10860 

542-50 

1406 

1 '>0-400— a 

S.00 

109.6 

121.0 

387.2 

| 276.2 

644 

141.0 

0 245 

43750 

15110 

73665 

2530 

200— 400— a 

8.00 

117.4 

132.7 

3S5.9 

| 252.3 

i 

838 

183.5 

0.245 

51810 

17890 

98112 

4363 

275-200-b 

6.33 

i 

; 99 4 

128.1 

225.0 

96.9 

1253 

275.0 

0.246 

29S10 

10290 

5h07 5 

2388 

275-200-c 

8.53 

100.1 

139.5 

247.3 

107.8 

1232 

271.0 

0 246 

33130 

11420 

67,530 

2380 

100-250-b 

| 8.00 

108.0 

111.2 

278.7 

167.5 

471 

103.0 

0.244 

19250 

0640 

35545 

984 

200-300-b 

4.00 

108 5 

126. 3 

343.8 

217.2 

880 

192.5 

0.245 

46750 

10140 

; 82627 

2250 

100-300-b 

5.00 

i 95.7 

108.8 

287.0 

178.2 

1 459 

100.0 

0.244 

19960 

6880 | 

33820 

11210] 

100-300-c 

S.00 

101.4 

101.6 

j 324.4 

222.8 

454 

99.4 I 

0.244 

24620 ! 

8520 

4 5896 

1525 

100-4<>0-b 

S.00 

106.9 

110.1 

401.5 

291.4 

444 

97.5 

0 244 

31570 

10S70 

50 SO 5 

1406 



13 

14 

15 

16 

17 

18 

19 

20 

21 


22 


Designation 

B. t. u. 
Liberated 
per hr. 
by Com- 
bustion 

Efficiency 
Including 
Grate 
(Per cent) 

Efficiency 
Excluding 
Grate 
(Per cent) 

Net 

Equiva- 
lent 
Coke 
Charged 
Against 
Reheater 
(lb, per hr.) 

Pounds 
Coke 
Required 
to Raise 
1000 lb. 

Air 100° F. 
(Item 16) 

/It. 5 It. 6 \ 
VlOO 1000 J 

Draft 
At Base 
of Stack 
in in. of 
Water 

Room 
Temper- 
ature 
(deg. F.) 

Barom- 
eter' (in. 
Mercury) 

Temper- 
ature 
of Flue 
Gases 
(deg. F.) 

Flu 

Carbon 

Dioxide 

(CO*) 

3 Gas Analysis 

| Carbon 

Oxygen ; Monoxide 
(O a ) , (CO) 

50-400— a 

33715 

46.8 

48. 0 

2.66 

4.00 

0.09 

80 

29.5 

568 

8.9 

10.8 

0.0 

!00-400-a 

52844 

57.9 

59.4 

4.17 

3.24 

0.15 

84 

29.4 

611 

9.1 

10.1 

0.0 

15O-40O-a 

71135 

59.4 

61.5 j 

5.71 

3.20 | 

0.24 

87 

29.2 ; 

581 

10.8 

5.1 

0.0 

200— iOO-a 

93749 

52.8 | 

j 

55.2 | 

7.55 j 

3.57 

0.35 1 

84 

28.8 

601 

10.5 , 

8.4 

0.0 

! 

275-200-b 

56287 1 

i 

50.6 

53.0 

4.56 

i 

3.75 j 

0.04 1 

75 

29.3 

572 

12.8 

5 . 7 

0.0 

275-200-c 

65150 

49.1 

50.9 

5.02 

3.77 

0.03 

85 

29.1 

561 

13.2 

5.0 

o.o 

100-2 50-b 

34561 

54.4 

55.6 

2.74 

3.47 ; 

0.08 

83 

29.2 

606 

6.5 

12.7 

0.5 

200-300-b 

80377 

56.6 

58. 1 

6.35 

3.32 i 

0.30 

SO 

29.1 

682 

9.5 

9 . 5 

o.o 

100-300-b 

[32610] 

59.0 

[61.1] 

2.60 

3. IS 

0.05 

86 

28.8 

475 




100-300-c 

44371 

52.4 

55.6 

3 . 53 

ii . uO 

0 . 05 

73 

29.1 

607 

11.3 


0.0 

100-400— b 

55399 

55.6 

57.0 

4.37 

3 . 3S 

0.14 

si ; 

29.3 

629 

12.7 

6. S 

U . 5 



25 


Analyses of the fuel, residual fuel, ash, and refuse gave the 
following results : 

B.t.u. 

(1) Calorific value per pouml of air-dry coke as fired, by 


the oxygen calorimeter 12 718 

(2) Proximate analysis of air-dry coke: 

Per Cent 

Fixed Carbon 87.25 

Volatile matter 2.24 

Ash 0.50 

Moisture 10.01 

100.00 

Moisture on drying 0.00 

Sulphur separately determined 0.00 

(3) Ultimate analysis of coke: 

Carbon 83.95 

Hydrogen 1.20 

Oxygen 2.68 

Nitrogen 1.00 

Sulphur 0.66 

Ash 10.01 

Moisture at 105 deg. C 0.50 

100.00 

(4) Proximate analysis of residual fuel: 

Carbon 58.64 

Earthy matter 41.22 

Moisture 0.14 


100.00 

(5) Proximate analysis of ash and refuse: 

Carbon 18.62 

Earthy matter 81.38 

Moisture 0.00 


100.00 

Tables 3 and 4 present all the essential data and results of the 
tests of this reheater. The efficiencies obtained were low, due to 
excessive loss of heat by radiation and in the flue gases. With small 
loads the fire was necessarily thin and the excess air large; with 
larger loads the loss from excess air was reduced, although the flue 
gas temperature was abnormally high, and the loss of heat in the 


Table 3 

Results of Tests of Type II Rehcater 


Gage-box Data 


Gross Fuel per Test 


1 ! 2 

Decimation ; 

I 

Length 
Date of Test 

1 (hrs.'j 


3 4 


3 6 7 S 9 10 


Diameter Pressure in Temper- Gage-box 

of Orifice Gage-box ature in Barometer Coefficient Coke Wood Oil 

(in.) (in. Water) Gage-box (in. Mercury) (Durley’s (lb. per TestV(Ib. per Test' - f lb. per T-r : 

(deg. F.) Curves) 


50-400-d 

6-22-12 

S.00 

1.5 

, 3.58 

luo-400— d 

6-24-12 

S . 00 

2.0 

4.80 

1 5o—4UO— * t 

10-23-12 

S.00 

3.0 

2.19 

2IHI-4O0-U 

10-22-12 

S 00 

3.0 

3.84 

27.0-4 0»>-d 

1U-24-12 

S 00 

3.5 

3.27 

■■*00 — 400—0 

10-25-12 

vOO 

3.5 

4 . 75 

: — JOO— d 

10-26-12 

•s . U0 

4.0 

3 . 96 


242 

29.5 

0 . 602 

65.0 

10.00 

0.25 

301 

29.3 

0.600 

100.0 

-7 00 

0 . 75 

311 

29.4 

0.598 

103.5 

^ 6* ) 

: 5* * 

30S 

29 2 

U.597 

133 . 3 

9 5U 

.A- 

325 

29.4 

0 . 597 

145.5 

5 . 75 

i . 5* ! 

341 

29.3 

0.595 

174.5 

9 . 50 

1 . 50 

34S 

29 3 

0 595 

159.5 

O 50 

I . 56 



Table 3 (Continued) 

Results of Tests of Type II Reheater 


Fuel Equivalents 


Net Fuel 


11 

12 

13 

14 

15 

16 

17 

IS 

19 

20 

j 






Net 


Net 


Designation : 



Total 



Equivalent 

Net 

Equivalent 

Net 

: 


Coke 

Equivalent 

Coke 

Coke 

Coke 

Equivalent 

Coke 

Equivalent 

Ash and 

Residual 

Equivalent 

Coke 

Equivalent 

Equivalent , 

Charged 

Coke 

Charged 

Coke 

Refuse 

F uel 

of Wood 

(lb. per Test) 

of .Ash 

of Residual 

against 

Consumed 

against 

Consumed 

(lo. p^r TestVdb. per Test) 

and Oil 

(Item 8 + 

and Refuse 

Fuel 

Reheater 

(lb. per Test) 

Reheater 

(lb. per hr.j 



(lb. per Test) 

Item 13) 

(lb. per Test); (lb. per Test).(Ib. per Test) 

, (Item 17- 

(lb. per hr.) 

(Item 18 — 







(Item 14 — 

Itera 15' 

(Item 17 -r 

Item 2) 


Item 16) Item 2) 


50-4 UO-d 

4 75 

10.00 

4.36 

69.36 

1.01 

6.71 

62 65 

61 04 

7 .S3 

7.71 

100-400-d 

»« . 40 

14.70 

3 . 49 

103.49 

1 . 35 

9.SS 

93.61 

92.26 

11.70 

11 53 

150-400-d 

«, 50 

s . 50 

5.63 

109.12 

1 .38 

5.70 

103.42 

102.04 

12 93 

12 76 

200-400-d ' 

VOO 

11.00 

5 . 69 

139.19 

1.70 

7 39 

131. SO 

130.10 

16 48 

16.26 

250-400-d 

ti . 50 

14.00 

5 . 68 

151 . 18 

1.38 

9.41 

141.77 

140.39 

17.72 

17 55 

300-400-d 

S.00 

21.50 

5 . 98 

180.48 

1.70 

14 42 

166.00 

164 . 36 

20 76 

20 . 55 

350-400-d : 

30.00 

15.00 

5.9S 

195.48 

2.12 

10.03 

185.45 

1S3.33 

23. IS 

22 *2 


Table 4 

Results of Tests of Type II Reheater 



* 1 

2 

3 

, 4 

5 

6 

i 7 

i 

8 

! n 

io : 

i 

11 

12 

Designation 

i 

Length 
1 of Test 
| (hr.) 

1 

! ! 

Pressure 
of Air 
Entering 
; Reheater 
i (lb. per sq.) 
in. Gage) 

Temper- 

ature 

Air 

Entering 
Reheater 
: (deg. F.) 

1 ! 
; 

j . i 

Temper- 
j ature 
i Air 

Leaving 
Reheater 
(deg. F.) 

Rise of 
Temper- 
ature 

| Air 

Reheated 
(lb. per hr.) 

1 

! Air 

Reheated 
in cu. ft. of 
Free Air 
per min, 
i (62° F., 

! 14.7 lb. 

Abs.) 

Specific 
Heat at 
Const. 
Press. Air 
’ Saturated 
Entering 
i Reheater 

| | 

i 

B. t. u. 
Trans- 
mitted to 
Com- 
pressed Air 
(per hr.) 

j 

B, t. u. 
Trans- 
mitted 
per hr. per 
sq. ft. of i 
Heating j 
Surface ! 

Total 
B. t. u. 
Supplied 
per hr. 

1 

Grate 
Loss 
per hr. 
in B . t u. 

t 

50-400— d 

8.00 

82.3 

98.3 

! : 

1 390.6 

292.3 

232 

51 

j i 

! 0.242 ! 

j 

16397 ! 

1 

882 i 

| 

99602 

1606 

100-400-d 

! 8.00 

82.8 

105.4 

! 406.0 

300.6 

428 

i 94 

0.243 

31286 : 

1682 

148860 

2166 

150-400-d 

8.00 

104.4 

109.1 

405 . 6 

296.5 

661 

145 

0.243 

47640 

2561 

164425 

2200 

200-400-d 

S.00 

102.3 

US. 8 

380.2 

261.4 

868 

190 

0.245 

55604 

2989 

209556 

2716 

250-400— d 

8 . 00 

106.6 

122.2 

392.4 

270.2 

1078 

236 

0.245 

71353 

3S37 

225425 

2200 

30O-400— d 

S . 00 

106.7 

136.1 

399 . 5 

263.4 

1279 

280 

0.246 

82 844 

4454 

263994 

2766 

350-400— d 

S.00 

106.5 

146.4 

398 . 0 

251.6 

1513 

333 

0 . 247 

94000 

5058 

294775 

33S7 


13 14 15 16 17 IS 19 20 21 


Designation B. t. u. 

Liberated 
per hr. 
by Com- 
bustion 


Efficiency 
Inciuding 
Grate 
(Per cent) 


Net 

Equiva- 

Effiriency lent 
Excluding Coke 
Grate Charged 
(Per cent) Against 
Reheater 
(lb. per hr.. 


Pounds 
Coke 
Required 
to Raise 
1000 lb. 
Air 100° F. 
i.Ttem 16 



It. 6] 
lOOOj 


Draft Room 
At Base Temper- Barom ' 
of Stack ature eter (in ' 
(in. Water, (deg.F.) Mercu ™ 


Temper- 
ature 
of Flue 
Gases 
(deg. F.) 


Flue Gas Analysis 


Carbon Carbon 

Dioxide Oxygen Monoxide 

(CC,; : -° 2i (CO) 


"0 -400-d 

97996 

16.5 

10.7 

7. S3 

1 1 . 50 

0.14 

S9 

29 . 5 

415 

4.6 

16.3 

0 

100-400-d 

146694 

21.0 

21.3 

11.70 

9.10 

0.14 

100 

29.3 

495 

6.0 

14.0 

0 

150-400-d 

162225 

29.0 

29.4 

12.93 

6 . 60 

0.1S 

67 

29.4 

574 

5.6 

14.2 

0 

2UO — 400— rt 

206850 

26 . 5 

20.9 

10.48 

7 . 27 

0.35 

73 

29.2 

599 

4 . 5 

15 . 5 

0 

250-400-d 

223225 

31.7 

32.0 

17.72 

6.08 

0.21 

70 

29.4 

.'U 

8.3 

11.6 

0 

30.)-400-d 

261288 

31.4 

31.7 

20.76 

0 . 15 

0 . 20 

76 

29.3 

7 ' •; 

9.7 

10.6 

0 

350-400- d 

291388 

31.9 

32.3 

23.18 

6.09 

0 . 24 

75 

29 . 3 

7 

11.4 

3.8 

0 
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Table 5 
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Results of Tests of Type III Reheater 


; 1 

2 

3 

4 

5 

n 

7 

8 


9 

Designation 

Pressure 

Pressure 


Temper- 
ature Air 
Entering 
Reheater 
(deg. F.) ' 

Temper- 
ature Air 
leaving 
Reheater 
(deg. F.) 


Specific 
Heat at 

Venturi 

Meter Data 

Length 
of Test 
(hr.) 

of Air 
Entering 
Reheater 
(lb. per 
sq. in. Gage i 

of Air 
Leaving 
Reheater 
(lb. per 
sq. in. Gage) 

Pressure 

Drop 

Through 

Reheater 

Rise of 
Temper- 
ature 

Const. 
Press. Air 
Saturated 
Entering 
i Reheater 

Temper- 
ature 
Upstream 
Meg. F.) 

Pressure 
Upstream 
lib. per 
sq. in. Gage 


70- 400 -e 
140-4 00 -c 
200-4 00-e 
2iKK400-e 

1.5 
1.0 
1.0 
1 .5 

99.3 

99.5 

99.7 

100.8 

9G.S 

95.6 

94.8 

93.9 

2.5 

3.9 

4.9 

6.9 

99.0 

112.3 

125.3 
140.0 

402.0 
403 0 

! 400.0 

405.0 

303 . 0 

290.7 

274.7 

265.0 

0.244 

0.245 

0.247 

0.250 

112 
132 ■ 
154 
168 

99.4 

99.7 

100.0 

101.8 

870- 400 -f 

0 . 5 

48.0 

34.5 

13 . 5 

156.0 

404.0 

24S.0 

0.264 

180 

52 . S 

7u-300-g 

1.0 

99.1 

97.4 

1.7 

110.0 

300.2 

190.2 

0.244 

122 

100.4 

140-300-g 

10 

100.5 

90.3 

4.2 

113.1 

302.1 

i 189.0 

0 . 245 

133 

100.5 

200-80: 1 -g 

1.0 

100.0 

94. S 

5.2 

128.4 

302.2 

173 . S 

0.247 

148 

100.0 

260-300-;; 

1 .0 

99.3 

92.0 

7.3 

137.4 

308.2 

! 170.8 

0 . 250 

165 

99 4 



9 

10 

11 

12 

13 

14 

15 16 

17 

18 


Venturi Merer Data 


Designation 


Manom- 

eter 

(in. Mer- 
cury) 


Barom- 

eter 

(in. Mer- 
cury) 







Coke 





Air 

Reheated 

B. t. u. 


Lb. of 
Gasoline 

Equiv- 
alent of 
Item 14 
(calorific 
Value 
13 000 
B. t. u. 
per lb.) 




Air 

Reheated 

(eu. ft. of 
Free Air 

Absorbed 
by Com- 

Fuel 

Used 

Required 
to Raise 

B. t. u. 
in FueJ 

Efficiency 

Room 
Temp. 
Meg. F. 

(lb. per hr.) 

per min.) 
(62° F„ 

pressed Air 
(per hr.) 

(lb. per hr.) 

1000 lb. 
of Air 

Used 
(per hr.) 

(Per cent) 


14.71b. Abs.) 



100° F * 





70— 100 -e 

0.35 

29 2 

328 

69.7 

24215 

1.57 

1.58 

2.46 

31884 

75 9 

92 

140-400— e 

1.32 

29 .2 

624 

137 0 

44455 

2.70 

1.49 

2.33 

54834 

81.1 

97 

200-400-e 

3.21 

29 2 

940 

206.0 

63807 

3 . 72 

1 14 

2 25 

75549 

M . 5 

99 

260-401 1— e 

5.91 

29.3 

1240 

271.9 

82159 

4 73 

1.44 

2 . 25 

96062 

85 . 5 

9.S 

370-400— f 

20.72 

29.3 

1727 

378 0 

1 13020 

6.80 

1 58 

2 46 

138100 

81 9 

98 

70-300-g 

0.35 

29.1 

326 

71 4 

15105 

1 .04 

1.68 

2 62 

21121 

71 5 

88 

140-300-g 

1.30 

29 . 1 

621 

130.2 

28 700 

1 77 

1.50 

2 . 35 

35947 

80. 0 

S3 

200-300-g 

3.05 

29.1 

920 

201.8 

39532 

2.55 

1.59 

2.49 

51788 

76.3 

83 

260- 300 -g 

5.81 

29.1 

1214 

266 0 

51853 

3 47 

1.67 

2.61 

70492 

- 73 . 5 

83 
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Table 6 

Observed Values for Engine Tests with Reheated Air 



Venturi Meter 


Indicator Data 

b. h. p. Data 

Re heater 


1 

2 3 4 

5 

6 7 8 9 

10 11 

12 13 

14 


Designation 


Tern- 

Pres- 


! 







Tem- 





pera- 

sure of 


; Venturi 







pera- 

Tem- 

Rise of 



ture 

Air 

Barom- 

Meter 

m. e. p. 

m. e. p. 

i. h. p. 

i. h. p. 

Revolu- 

Weight 

ture 

pera- 

Tem- 


Date 

of Air 

Up- 

eter 

Alanom- 

Head 

Crank 

Head 

Crank 

tions 

on 

Enter- 

ture 

pera- 



Up- 

stream 

(in. Mer- 

eter 

End of 

End of 

End of 

End of 

per 

Scales 

ing 

Leaving 

ture 



stream. 

(lb. per 

*cury) 

Ain. Mer-iCylinder Cylinder 

Cylinder Cylinder 

min. 


Reheater Reheater (deg. F.) 



(deg. F.) 

sq. in. 


cury) 







(deg. FJ 

(deg. F.) 





Gage) 












1 100—401 )-15 

2-19-13 

132 

103 

29.0 

0 .S3 

28.0 

29. S 

6 . 80 

6 . 86 

106 i 

116 

104 

452 

348 

2-100-300-15 

2-19-13 

135 

103 

29.0 

0.91 

27 7 

28. 9 

6.73 

0 . 05 

100. 1 

111 

103 

328 

225 

0-100- 200- 15 

2-19-13 

115 

103 

29.0 

1.04 

27.6 

29.7 

6.71 

6. S3 

106 . 1 

106 

97 

215 

118 

4-100-100-15 

2-20-13 

130 

103 

29.2 

1 . 54 

28.0 

31.2 

6.94 

7.17 

105.9 

101 




5-80-400-20 

2-24-13 

101 

82 

29.4 

0.S7 

26.5 

27 4 

O'. 40 

0 . 26 

105.4 

106 

SO 

440 

300 

1-300-20 

2-24-13 

90 

82 

29.4 

1.00 

26.3 

20.9 

6 . 35 

0.10 

105.5 

101 

74 

338 

204 

7- SO- 200-20 

2-21-13 

126 

83 

29.0 

1.07 

25.9 

20.5 

0.27 

0.08 

105.8 

86 

92 

227 

1 35 

8- SO- 100-20 

2-20-13 

116 

S3 

29.2 

1.80 

27.7 

28.3 

0 . 08 

0.47 

105.3 

90 




0-00-4 00-25 

2-24-13 

94 

62 

29.4 

0.93 

23.0 

23.8 

5. .50 

5.39 

104.4 

91 

82 

453 

371 

1(M 10-300-25 

2-21-13 

105 

62 

28.7 

1.11 

23.0 

23.1 

5 .51 

5.24 

104.6 

86 

88 

325 

237 

1 l-t in-200-25 

2-21-13 

123 

03 

29.0 

1.34 

23.2 

23.4 

J“57 

5.33 

104.9 

81 

93 

232 

139 

12-00-100-25 

2-20-13 

137 

62 

29.2 

1 .93 

22.7 

23.7 

5 . 45 

5.39 

104. S 

71 




13 — 40— 40I) - 35 

2-24-13 

93 

43 

29.4 

1.08 

IS. 5 

19.6 

4.40 

4.41 

103.7 

72 

81 

472 

391 

14-40-300-35 

2-21-13 

102 

42 

28.9 

1 22 

17.7 

18.4 

4.21 

4.14 

103.9 

64 

85 

328 

243 

15-40-200-35 

2-21-13 

107 

43 

29 0 

1.49 

18.7 

18.8 

4 40 

4 . 25 

104. 2 

56 

89 

246 

157 

10-4 0-100-35 

2-20-13 

130 

41 

29.2 

1.92 

17.7 

IS 3 

4.22 

4.14 

104.2 

48 




17-100-400-15 

: 3-11-13 

138 

103 

29.3 

0.90 

30.3 

30.3 

7.33 

6.94 

105 6 

123 

102 

443 

341 

18-100-400-17.5 . . . 

2-25-13 

118 

103 

29.3 

1.00 

33.0 

33.5 

7.99 

7.68 

105.7 

136 

98 

447 

349 

19-100-400-20 

■ 3-15-13 

1.50 

105 

28.8 

1.30 

37.9 

37.4 

9.13 

8.54 

105 . 2 

153 

114 

437 

323 

20-100-400-20 

2-25-13 

119 

103 

29.3 

1 .20 

39.1 

38.0 

9.42 

8.80 

105 . 2 

156 

98 

443 

345 

21-100-400-25 

2-25-13 

119 

104 

29.4 

1.05 

45.1 

44 7 

10 82 

10.16 

104.7 

181 

98 

438 

340 

22-100—400-25 

3-15-13 

153 

104 

28.8 

1 .74 

43.8 

45.8 

10 45 

10 30 

104 2 

181 

112 

435 

323 


. .... 







.. — 



.. - - 

• 


— - 

■ - ■ 


— 


Designation 

1 




Venturi Meter 



Indicator Data 


b. h. p 

Data 

Reheater 

2 

3 

4 

5 

6 

7 

8 i 


10 

11 


12 

i 

13 i 

14 

Date 

Tem- 
pera* 
ture 
of Air 
Up- 
stream 
(deg. F.) 

Pres- 
sure of 
Air 

u> 

stream 
(lb. per 
sq. in. 
Gage) 

Barom- 

eter 

(in. Mer- 
cury) 

Venturi 

Meter 

Manom. 

eter 

(in. Mer- 
cury) 

m. e. p. 
Head 
End of 
Cylinder 

m. e. p. 
Crank 
End of 
Cylinder 

1 

1 

i. h. p. ' i. h. p. 
Head Crank 

End of End of 
Cylinder Cylinder 

1 

Revolu- 

tions 

per 

min. 

Weight 

on 

Scales 

1 i 

Tem- ‘ Tem- i 
pera- pera- : Rise of 

ture j ture Tem- 

Enter- ; Leaving pera- 
ing Reheater ture 
Re heater (deg. F.) (deg. F.) 
(deg. F.\ ■ 

23- 1 OO-AOO-27 . 5 . . . . 

2-25-13 


120 


104 

29.4 

1.93 

48.5 

48.7 

11 »59 

11.04 

104.4 

200 


93 


445 

352 

24-100—400-30 

3-11-13 ! 

124 


105 

29.3 

2. 15 

49.3 

51.4 

11.74 

11.60 

104.0 

209 


100 


439 

339 

15-100-400-30 

3-15-13 


151 


104 

28.8 

2.21 

50.9 

50.9 

12.12 

11.49 

104.0 

206 


107 


435 

32S 

JO- 10- 1-400-35 

3-11-13 


137 


106 

29.3 

2.78 

57 . 1 

56.1 

13.55 

12.61 

103.6 

236 


103 


439 

336 

27-100-300-25 

3-19-13! 

135 


104 

29.1 

2.00 

43.2 

45.5 

10 . 30 

10.28 

104.1 

176 


106 


331 

225 

28 100-300-25 

4- 9-13 


139 


104 

29.1 

1.95 

42.5 

45.8 

10.14 

10.36 

104.2 

176 


104 


323 

219 

20- 100-200-25 

3-2013 


138 


105 

29.0 

2*52 

44.3 

47.2 

10 . 58 

10.68 

104.3 

169 


108 - 


213 

105 

30-100-200-25 

4- 9-13 


124 


105 

29.1 

2.32 

42.7 

45.9 

10.22 

10 . 39 

104.3 

171 


96 


209 

113 

31-100-100-25 

4- 3-13 


135 


105 

28.9 

2.97 

41.6 

45.3 

9.92 

10.22 

104.1 

166 






32-80-400-25 

3-15-13 < 

141 


84 

28.8 

1 .38 

33.6 

35.7 

S . 03 

S . 09 

104.4 

136 


02 


448 

346 

33-80400-25 

4- 9-13 

t 

126 


S3 

29.1 

1 . 28 

32.2 

34.8 

7.68 

7 . 86 

104.1 

130 


• i 


437 

336 

34-80 300-25 . 

3-19-13 


109 


S3 

29.1 

1 . 59 

33.1 

35 . 6 

7.SS 

8 . 03 

104.0 

132 


<2 


334 

242 

3.5-80-300-25 

4- 7-13 


114 


83 

29.4 

1 . 55 

32.1 

34.2 

7 . 65 

7 .72 

' 104 . 1 

131 


84 


321 

237 

36-80-20025 

3-20-13; 

125 


S4 

29.0 

1.92 

32.8 

34. S 

7 S3 

7.S7 

104.2 

119 


.02 


215 

113 

37-80-200-25 

4- 7-13 


103 


84 

29.4 

1.84 

32.6 

34.4 

7 77 

7 77 

104.1 

131 


SI 


218 

137 

38-80-10025 

3-26-13 i 

139 


84 

29.2 

2.31 

31.0 

32.6 

7 41 

7.3S 

104.4 

122 






39-80-100-25 

4- 3-13, 

129 


84 

28.9 

2.34 

32.0 

34.8 

7 62 

7 .So 

104.0 

122 






40-60-400-25 

3-19-13; 

95 


62 

29.3 

0.95 

23.3 

23 9 

5 . 55 

5.40 

104.1 

82 


S3 


4oS 

375 

41-6040025 

3-28-13 


106 


62 

29.5 

0.96 

OO ~ 

23.? 

5 41 

5.40 

104. 1 

93 


84 


452 

368 

42-60-300-25 

3-19-13 


101 


02 

29.3 

1.06 

22 . 6 

23 . 6 

5 . 39 

5 . 33 

104.1 

S'.' 


87 


327 

240 

43-60—300-25 

3-2S-13 


103 


63 

29 . 5 

1 . 07 

22 . S 

23.* 

j . 13 

5 . 38 

104 . 1 

' < o 


S3 


347 

264 

14-60-200-25 

: 3-28-13 


115 


03 

29.5 

1.33 

22.9 

24.0 

5 . 46 

5.42 

104.0 

90 


SI 


206 

125 

i 5-00-200-25 

4- 7-13 


96 


03 

29.4 

1.31 

22.9 

23.7 

5 . 47 

5 . 36 

104.3 

80 


80 


220 

140 

0-60—100-25 

3-26-13 


132 


63 

29.2 

1.59 

22.0 

23.9 

5 . 25 

5.41 

104.3 

72 

j 





47—00—10025 

4- 3-13 


122 


63 

28.9 

1 60 

• 22. -Q 

i 24.2 

5 39 

5 17 

; 104.1 

78 

JL 


_i_ 
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Table 6 (Continued) 

Observed Values for Engine Tests with Reheated Air 


Designation 


Venturi Meter 


Indicator Data 


b. h. p. Data 


Reheater 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

! 12 

13 

14 

Date 

Tem- 
pera- 
ture 
of Air 
Up- 
stream 
(deg. F.) 

Pres- 
sure of 

-8 r 
Up- 
stream 
(lb. per 
sp. in. 
Gage) 

Barom- 

eter 

(in. Mer- 
cury) 

Venturi 

Meter 

.Manom- 

eter 

(in. Mer- 
cury) 

i 

i 

m. e. p. 

Head 
End of 
Cylinder 

m. e. p. i. h. p. 
Crank Head 

End of End of 
Cylinder Cylinder 

i. h. p. 
Crank 
End of 
Cylinder 

Revolu- 

tions 

per 

mm. 

Weight 

on 

Scales 

Tem- j 
pera- j Tem- 
ture ! pera- 
Enter- ; ture 
ing j Leaving 
Reheater iReheater 
(deg. F.)j<deg. F.) 

1 

Rise of 
Tem- 
pera- 
ture 

(deg. F.) 

48-100-400-25 

5-14-13 

138 

104 

29.0 

1 

! 1.55 

43.0 

45.5 

10.26 

10.29 

104.2 

181 

i 

! 116 

432 

316 

49-100-300-25 

5—15—13 

138 

105 

29.0 

: 1.81 

42.2 

45.0 

10.07 

10.17 

104.2 

176 

116 

313 

197 

50-100-200-25 

5-20-13 

127 

104 

29.0 

: 2.18 

43.9 

44.8 

10.45 

10. 11 

104.0 

171 

107 

216 

109 

51-100-100-25 

5-28-13 

137 

105 

29.1 

2. SO 

42.0 1 

45.2 

9 . 98 

10.18 

103.8 

166 

1 .... 



52-80—400-25 

*5-19-13 

116 

S3 

: 29.3 

; i.i4 

32.7 

34.1 

7. SO 

7.71 

104.2 

133 

96 

433 

337 

53-80-300-25 

5-19-13 

110 

84 

29.3 

I 1.36 

32.6 

34.1 

7 77 

7.70 

104.1 

133 

97 

324 

227 

54-80-200-25 

.5-20-13 

119 

84 

29.1 

1.67 ! 

33.0 

33.5 

7.S6 

7 56 

104.1 

131 

99 

215 

116 

55-80-100-25 

5-28-13 

; 115 

84 

29.1 

2.18 ; 

32.2 

35.6 

7 67 

S .03 

104.0 

114 




56-60-400-25 

5-19-13 

no 

62 

29.3 

0.81 

22.5 

23.7 

5.37 

5.36 

104.2 

86 

93 

445 

352 

57-00-300-25 

.5-19-13 

110 

63 

29.3 

i.03 ; 

23.2 ; 

24.3 

5.53 

5.48 

104.0 

S3 

94 

330 

236 

5S-G0-200-25 

5-20-13 

; loe 

63 

29.1 

1.25 

23.7 1 

24.7 . 

5.64 

5.58 

104.0 

82 

93 

216 

123 

59-6)0-100-25 

, .5-28-13 

120 

64 

29.1 

1.58 : 

23.2 , 

25.3 

5.53 

5.71 

104.0 

72 



.... 


60-100-400-15 

5-21-13 

126 

103 

29.0 

0.76 

1 29.3 

30.6 

7.07 

6.99 

105.3 

120 

114 

439 

325 

61-100—400—20 

5-21-13 

135 

104 1 

29.0 

1.11 

36.9 ! 

39.1 

8.85 

S 88 

104.7 j 

152 

118 

427 

309 

62-100— *00-30 

5-21-13 

145 

105 

29.0 

1.97 

49.7 ; 

51.0 

11.82 

11.50 

103.9 | 

206 

122 

425 

303 

63-100-400-35 

5-21-13 

147 

i 

107 

29.0 

2.56 

| 

56.7 ; 

56 . 3 

13 41 

12 62 

103 3 : 

i 

236 

124 

436 ' 

312 


23 to 47, inclusive, are the first tests with incomplete expansion; ami 
those numbered 60 to 63, inclusive, are later tests with variable cut-off. 
Obviously this classification is overlapping. Thus the variable cut-off 
tests are also incomplete expansion tests. The object in view in tests 
17 to 22, inclusive, was the determination ot* the eifects of cut-off when 
the temperature and pressure were maintained constant at 400 degrees 
Fahrenheit and 100 pounds per square inch gage, respectively. 

16. Complete Expansion Tests . — In these tests the load was 
adjusted to give a cut-off such that the release was at atmospheric 
pressure and substantially at the cud of the stroke; in other words 
the “toe* 1 of the indicator diagram came to a well defined point and 
was newer rounded or looped. As shown by the designation, these 
tests were run .at four different gage pressures, including 40, 60, 80, 
and 100 pounds per square inch. Each pressure was combined with 
four different temperatures, including 100, 200, 300, and 400 degrees 
Fahrenheit. 

It was in the complete expansion tests that freezing <Vf the 
exhaust first caused trouble. To expand from 100 pounds gage to 
atmospheric pressure requires a ratio of expansion ot about 5.3. The 
cut-off at this pressure is shown by the indicator diagrams to be at 
about 15 per cent of the stroke, the release pressure about 1 pound 
above -atmosphere, and the drop of pressure at cut-off about 12 per 
cent of the initial gage pressure. Then, if subscript 1 denotes condi- 
tions at cut-off and subscript 2 those at release, vve have the formula: 

p i (r 2 ) '* _/ 100 + clearance per cent \ n 

p 2 i'\ V cut- Tt ; t cent + clearance pet rent/ 

Taking atmospheric pressu: - at 14.5 pounds, which was about the 
average condition for the tests, we have: 
p x = 100-12 + 14.5= 102.5 
p 2 = 14.5 -j- 1 

102.5 
J5A 

log. 6.61 0.S21 


15.5 


! \ n 
205 ) 


or 6.61 — 5. 15 k 



33 





34 


Table 7 

Obberved Values and Computed Results for Enoine Tests with Reheated Air 


Pressure 

at Throttle! Temp, 
(lb. per sq. jat Throttl 
in. Gage) (deg. F.) 



60- 00-100-25 

57- 60-300-25 

58- 60-200-25 
50- 60-100-25 

60- 100-400-15 

6 1- 100—400-20 
48-100—400-25 

62- 100-400-30 

63- 100-400-35 


3 

4 

— 


Total Air 


cu. ft. 
Free Air 
per min. 

*1 lb. per hr. 

(60° F„ 
14.7 lb. 


per sq. in. 


Abe.) 

505 

Ill 

527 

114 

574 

126 

684 

1.50 

481 

106 

520 

115 

522 

115 

680 

149 

446 

99 

481 

106 

522* 

115 

614 

135 

416 

92 

435 

96 

480 

104 

524 

116 

514 

114 

561 

122 

622 

136 

626 

137 

715 

157 

715 

157- 

772 

169 

812 

178 

802 

176 

013 

200 

715 

157 

775 

170 

763 

168 

866 

' L89 

843 

. 184 

937 

205 

580 

129 

573 

126 

645 

141 

643 

144 

609 

154 

696 

152 

757 

166 

765 

168 

451 

99 

450 

99 

473 

1U4 

477 

104 

536 

115 

■ 540 

116 

566 

124 . 

573 

126 j 

683 

149 } 

738 

162 1 

816 

178 ' 

914 

200 



CU. ft. 

. ru. ft. 


Free Air 

Free Air 


per min. 

per min. 

Average 

per i. h. p. 

lb. per hr. P« r b. h. p. 

Cut-otl 

(62° F.. 

per b. h. p. 'O 2 ® F-, p 

'er Cent of 

14.7 lb. 

14.7 lb. 

Stroke 

per sq. in. 

per sq. in.. 


Abe.) | 

f' Aba.) 



47.0 j 10.28 

53.5 11.71 

61.5 i 13.46 

82.5 18.05 


10.32 

55.5 

12.20 

34.7 

11.43 

65.4 

14.33 

32.7 

12.08 

82.4 

18.05 

34.0 

13.75 

104.8 

22.97 

32.5 

8.02 

, 40.6 

8.82 

15.7 

7.87 

30.0 

8.55 

17.4 

7.73 

38.0 

8.44 

20.0 

7.54 

38.1 

8.35 

20.3 

. 7.48 , 

37.7 

8.26 

24.8 

7.52 

■' 37.9 

8.30 

24.8 

7.48 

■ 37 0 

8.10 

27.7 

7.63 

37.4 - 

8.19 

29.7 

7.45 

37.5 

8.21 

29.7 

7.63 

37.3 

8.16 

34.4 

7.52 

37.9 

8.30 

24.8 

8.24 

42.2 

9.23 

24.6 

8.18 

41.6 

9. 10 

25.5 

8.92 

49.0 

10.73 

25.0 

8.96 

47.2 

10.32 

25.2 

10.20 

54.2 

11.86 

25.5 



13 

14 

15 




I Temperature 



(deg. F.) 




B 

et 

M 

In Steam 

At 

Room 

f Cheat 

Exhauat 


336 

62 

73 

269 

54 

77 

188 

34 

76 

65 

—11 

76 

297 

65 

73 

225 

39 

71 

169 

15 

64 

92 

— 9 

73 

298 

83 

73 

222 

54 

70 

169 

37 

67 

91 

7 

80 

301 

104 

74 

215 

64 

69 

166 

48 

- 68 

95 

25 

80 

356 

66 

69 

340 

66 

78 

360 

64 

78 

342 

64 

76 

344 

62 

75 

363 

65 

.173 

346 

56 

70 

364 

62 

71 

367 

64 

- 68 

370 

67 

69 

363 

65 

73 

268 

45 

. . 77 

266 

35 

66 

181 

14 

66 

184 

0 

66 

.100 

—26 

82 

357 

73 

74 

342 

50 

73 

263 

■ 61 

. 78 

254 

36 

70 

180 

22 

70 

185 

17 

68 

89 

—38 

70 

95 

—12 

82 

321 

81 

73 

338 

74 

71 

260 

66 

77 

269 

64 

68 

185 

37 

62 

182 

32 

69 

88 

—10 

59 

97 

10 

80 

344 

65 

93 

. 268 

51 

91 

^ 187 

23 

89 

98 

—24 

85 

337 

66 

81 

267 

54 

82 

i 184 

27 

86 


— 4 

90 

321 

83 

85 

\ 259 

64 

84 

l 180 

J 39 

84 

1 

16 

90 
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(Table 7, continued) 



18 

19 

20 

21 

22 

23 

24 

25 

20 

27 


28 

29 

30 

31 

32 

33 

34 


lb. Air 

1 . h. p. hr. 







b. b. p. hr. 






13 000 B. 

t. u. Fuel 

20 000 B. 

t. u. Fuel 


Req. per C 

)btainable 






lb. Air ( 

Obtainable 






Applied at 

Applied at 


i. h. p. hr. 

from Air 






Req. per 

from Air 



B. t u. 



60% Efficiency 

80% Efficiency 


it 

(Item 3) 

i. h. p. hr. 

B. t. u. 




b. b. p. br. 

(Item 3) 

b. h. p. hr. 

Req. per 

». h. p. hr. 

b. h. p. br. 


1 



Designation 

100® F. 

at 

Gained 

Req. per 

Thermal 


Efficiency 

at 

at 

Gained 

b. h. p. hr. 

Gained 

Gained 






and 

100° F. 

(Item 5 

L h. p. hr. 

Efficiency 

Ideal 

Ratio 

100° F. 

100® F. 

(Item 6i 

Gained 

per 1000 

per 1000 






Pressure 

and 

Un 

Gained 

(2546 + 

Efficiency 

(Item 22 

and 

and 

Less 

(Item 17 

B. t. u. 

B. t. u. 

lb. per hr. 

lb. per hr. 

lb. per hr. 

lb. per hr. 

j 

in 

Pressure 

Item 19) 

(Item 17 + 

Item 21) 1 

[See Note) 

+ 

Pressure 

Pressure 

Item 26) 

+ 

Added 

Added 

per 

per 

per 

per 


Item 1 

in 


Item 20) 



Item 23) 

in 

in 



Item 27) 



i. h. p. hr. 

b. h. p. hr. 

i. h. p. hr. 

b. h. p. hr. 



Item 1 






Item 1 

Item 1 


! 




Gained 

Gained 

Gained 

Gained 

1-JOO— 400-13 

48.3 

10.46 ! 

3 20 

11 350 

22.4 

44 4 

50.6 

00.8 

8.31 

1 

4.00 

9 no 

0.088 

1 

0 111 1 

1.45 

1.18 

0.71 

0.57 

2-100-300-15 

48.3 

10.91 

2 47 

10 250 

24.9 

44.4 

56.0 

60.8 

8.68 

3.10 

8 170 

0.098 

0.122 . 

1.31 

1.05 

0.64 

0 52 

3-100-200-15 

48.3 

11.89 

1.65 

8 370 

30.4 

44.4 

68.5 

60.8 

9.44 

1.81 

7 020 

0.118 

0. 142 

1.07 

0.91 

0 53 

0.44 

4-100-100-15 

48.3 

; 
















5- 80-400-20 

51.7 

9.31 , 

3.35 

10 310 

24.7 

41.3 

09,7 

68.0 

• 7.03 

4.09 

8 470 

0.097 

0.118 

1.32 

l.OS 

0.65 

0.53 

6- 80-300-20 

51.7 

10.03 

2.48 

10 100 

25.2 

41.3 

01. 1 

68.0 

7.05 

3.00 

8 320 

0.099 

0.120 

1.29 

1.07 

0.63 

0.52 



















8- 80-100-20 










j 








0- 60—400-25 , 

54 4 

8.22 ; 

2.67 

12 080 

21.1 

37.1 

56.9 

73.1 

6.10 

3.39 

9 440 

0.082 

0.105 

1.55 

1.23 

0.75 

0.00 

10- 60-300-25 

54 4 

8.84 

1.91 

12 070 

21.1 

37.1 

56.9 

73.1 

.6.58 

2.42 

9 440 

0.082 

0. 106 

1.55 

1.23 

0.73 

ObO 

11- 00-200-25 

54 4 

9.61 ' 

1.29 

9 730 

26.1 

37. 1 

70.6 

73. 1 

7.05 

1.45 

8 640 

0.103 

0.116 

1.25 

1.11 

0.61 

0.54 

12- 60-100-23 [ 

54.4 

















13- 40-400-35 

61.8 

6.73 j 

2.08 

19 350 

13.2 

31.3 

41.3 

104.8 

3.97 

3.50 

11 500 

0.051 

0.087 

2.48 

1.47 

1.21 

0.72 

14- 40-300-35 

61.8 

7.03 | 

1.32 

15 800 

16. t 

31.3 

51.6 

104.8 

4. 15 

2.50 

8 300 

0.063 

0.119 

2.02 

1.07 

0.99 

0.53 

15- 40-200-35 

61.8 

, 7.77 , 

0.94 

12 250 

20.8 

31.3 

66.4 

104.8 

4.58 

1.25 

9 210 

0.082 

0.109 

1.57 . 

1.18 

0.76 

0.58 

16- 40-100-35 

81.8 

- i 
















i 17-100-400-15 

48 2 

10 83 j 

3.44 

10 920 

23.3 

44.4 

53.0 

60.8 

- 8.01 

4.37 J 

8 630 

0.091 

0.116 

.1.40 

1.10 

0.68 

0.55 

18-100-400-17.5 

47.6 

11.77 | 

3.90 

10 330 

24.7 

44 4 

55.6 

58.7 

9.56 

4.18 

9 050 

0.097 

0.104 

1.33 

1.24 

0.65 

0.61 

10-100-400-^0 

47.4 

i3.i7 ; 

4.50 

9 060 

25.5 

44.4 

57.6 

56.9 

10.94 

5,15 

9 700 

0.100 

0.115 

1.28 

1.11 

0.62 

0.55 

20-100-400-20 

,47.4 

13.25 ! 

4.97 

9 080 

28.1 

. 44.4 

63.3 

56.9 

11.04 

5.38 

9 150 

0.111 

0.110 

1.16 

1.17 

0.57 

0.58 

21-100-400-25 

46.8 

15.33 

5.65 

9 110 

28.0 

44 4 

63.1 

54.4 

13. 15 

5.81 

8 860 

o.no 

0.113 

1,16 

1.13 

0.57 

0.56 

22-100-100-25 

46.6 

.15.33 , 

5.48 

9 390 

27. *1 

44.4 

61.2 

54.4 

13.15 

5.73 

8 990 

0.107 

0.112 

1.21 

1.15 

0.59 

0.57 

1 23-100-400-27.3 

48 6 

16.57 : 

6.06 

9 170 

27.8 

44 4 

62.6 

54 4 

14.18 

6.70 

8 300 

0. 109 

0.120 

1.17 

. 1.06 

0.58 

0.52 

24-100-400-30 

46.6 

17.43 | 

5.91 

9 900 

25.7 

44.4 

58.0 

.54.4 

14,91 

6.82 

8 570 

0.101 

0.116 

1.27 

1.10 

0.62 

0 54 

i 25-100-400-30 

46.0 

17.23 ; 

6.38 

9 060 

28.2 

44.4 

63.5 

54.4 

14.73 

6.08 ; 

8 650 

0, 111 

0.115 

1.15 

1.11 

0.57 

0.53 

1 26-100-400-35 

46.8 

19.56 ; 

6.60 

9 960 

25.6 

44.4 

57.9 

54.4 

16.77 

7.70 j 

j_. 8 540 

0.109 

0.117 

1.28 

1.09 

0.62 

0.51 

: 22-100-400-23 

46.6 

15.33 

5.48 

9 390 

27.1 

44 4 

61.2 

54.4 

13.13 

6.73 j 

8 990 

0.107 

0.112 

1.21 

1.15 

0.59 

0 57 

r 27-100-300-25 

46.6 

16.65 

3.93 

9 725 

26.1 

■* 44.4 

59.0 

54.4 

14.23 

4.09 

9 no 

0.103 

0.109 

1.25 

1.16 

0.61 

- 0.57 

28-100-300-25 

46.6 

18.38 

4.12 

8 900 

28.7 

44.4 

64.6 

54.4 

14.03 

4.30 ! 

8 530 

0.113 

0.117 

1.13 

1.09 

0.56 

0.54 

20- 1 00-200-25 

46 6 

18.58 

• 2.68 

7 755 ! 

32.8 

44.4 

74.1 

54.4 

15.90 

1.73 , 

12 000 

0.129 

0.084 

1.00 

1.55 

0.48 

0.75 

30-100-200-25 

46.6 

18.10 

2.51 

8 075 : 

31.6 

44.4 

71.2 

34.4 

15.49 

2.35 [ 

8 630 

0.124 

0.116 

1.03 

1.10 

0.50 

0.54 

31-100-100-25 

46.6 









1 








32- 80-400-23 ' 

50.5 

11.60 

4.52 

0 330 

27 3 

41.3 

66.0 

60.8 

9.65 

4.54 

9 300 

0.107 

0.108 

1.20 

1.20 

0.59 

0.58 

33- 80-400-25 

50.5 

11.33 

4.21 

9 800 

26.0 

41.3 

63.1 

60.8 

9.43 

4.10 

10 060 

0.102 

0.099 

1.26 

1.29 

0.81 

0.63 

34- 80-300-25 

50,5 

12.77 

3.14 

9 860 

25.8 

41.3 

02.6 

60.8 

10.00 

3.i3 : 

9 900 i 

0. 101 

0.101 

1.27 

1.27 

0.62 

0.60 

35- 80-300-25 

50.5 

12.52 

2.85 

10 660 

.23.9 

41.3 

57.9 

60.8 

10 42 

3.22 

9 440 

0.094 

0.106 

1.37 

1.22 

0.67 

0.59 

36- 80-200-25 

50.5 

13.84 

1.86 

9 025 

28.2 . 

41.3 

68.3 

60.8 

11.51 

0.89 

18 850 

0.111 

0.053 

1.14 

2.42 

0.57 

1.17 

37- 80-200-2.5 

50.5 

13.79 

1.75 

9 550 

26.6 

41.3 

64.5 

60.8 

11.45 

2.19 

7 620 

0.105 

0.131 

1.23 

0.98 

0.60 

0.47 

38- 80-100-25 

50.5 









.... t 








30- 80-100-25 

50.5 










.... | 








40- 60-400-25 

54.4 

8.31 

2.64 

12 300 

20.7 

37.1 

56.0 

73.2 

6.17 

2.37 

13 700 

0.082 

0.073 

1.58 

1.75 

0.77 

0.86 

41- 60-400-25 

. 54.4 

8.28 

2,53 

12 810 

10. rf 

37.1 

53.5 

73.2 

0 16 

3.52 

9 220 

0.078 

0. 109 

tl.64 

1. 18 

0.8(1 

0.58 

42- 60-300-25 

54.4 

8.69 

2 03 

11 180 

22.7 

37.1 

61.2 

73.2 

6.46 

2.08 

10 920 

0.089 

0.091 

1.43 

1.40 

0.70 

0.68 

43- 60-300-25 

64,4 

8:79 

2.02 

11 340 

22.4 

37.1 

60.4 

73.2 

6.52 

3.16 

7 250 

0.088 

0.139 

1.45 

0.93 

0.71 

0.45 

44- 60-200-25 

54J4 

9.66 

1 22 

10 320 

24.7 

37.1 

66.0 

73.2 

7.18 

2.18 

5 780 

0.097 

0.173 

1.32 

0.74 

0.65 

0.36 

45- 60-200-25 

54 A 

9.73 

1.10 

11 550 

22.0 

37.1 

59.5 

73.2 

7.24 

1.10 

11 530 

0:080 

0.086 

1.48 

1.48 

0.72 

0.72 

46- 60-100-25 

54,4 

















47- 60-100-25 

54,4 

j — 

— 
















48-100-400-25 

45^3 

15.04 

i M l 

8 920 

28.6 

44.4 

64.4 

54.4 

12.55 

6.32 

7 790 

0.112 

0 . 128 

1.14 

1.00 

0.56 

0.49 

40-100-300-25 

45,3 

16.30 


8 990 

28.3 

44.4 

03.9 

54 .'4 

13.55 

4.78 

7 420 

0. Ill 

0. 135 

1.15 

0.95 

0.57 

0.46 

50-100-200-25 

- 45 J3 

18.00 

. 2.56 

7 640 

33.3 

44.4 

75.2 

54.4 

15.00 

2.79 

7 010 

0.131 

0.143 

0.98 

0.90 

0.48 

0.44 

i 54-100-100-25 

45 13 

. ..... 1 

20.16 

j .... 















1 

52- 80-400-25 

48 'o : 

«. 11.37 

1 4.14 

9 490 

26.8 

41.3 

64.9 

60.8 

8.98 

4.88 ' 

>000 

0.105 

0. 123 

1.22 

1.03 

0.60 

0.50 


53- 80-300-25 

48 0 

12.43 

3.02 

9 5 U1 

20 8 

41.3 

64.9 

60.8 

9.83 

4.02 

7 130 

0 105 

0.141 

1.22 

0.92 

0.60 

0.44 


54- 80-200-25 

48 ,0 

13.67 

1.75 

8 980 

28.3 

41.3 

68.6 

60.8 

10.80 

2. 10 

7 480 

0. Ill 

0. 134 

1.15 

0.96 

0.56 

0.46 


| 55- 80-100-25 

48 ( 0 

15.70 


— 



1 .... 












1 58- 60-400-25 

. 51.1 

8.05 

' 2.68 

11 030 

23.1 

37.1 

t 62.4 

73.1 

5.62 

3.34 

8 880 

0.090 

0.113 

1.41 

1.14 

0.09 

0.56 


! 57- 60-300-25 

51 Jl 

9.08 

| - 1.93 

1 117 

11 500 

22.1 

37.1 

i 59.8 


6.34 

2,29 

9 730 

0.087 

0. 103 

1.47 

1.25 

0.72 

0.61 


58- 60-200-25 

51 Jl 

10.05 

1 . 

10 500 

24.3 

37.1 

| 65.5 

>3.1 

7.02 

1.50 

8 200 

0.095 

0.122 

1.35 

1.05 

0.66 

0.52 


50- 60-100-25 

51 .jl 

11.24 





i 












{ 60-100-400-15 

43 k 

10 45. 

,3.61 
4 OB 

9 740 

26.1 

44.4 

58.8 

60.8 

8.02 

4.62 

7 600 

0.103 

0.132 

1.25 

0.97 

0.61 

0.47 


\ 61-100400-20 

45 b . , 

12.75 

6.51 


30. 1 

44.4 

67.9 

50.9 

10.28 

5.64 

7 480 

0.122 

0.134 

1.08 

0.96 

0.53 

0.40 


>48-100-400-25 

45.3 

V 15.04 


8 920 

28.6 

44.4 

64.4 

54.4 

, 12.55 

6.32 

7 790 

0.112 

0.128 

1.14 

1.00 

0 50 

0.49 

62-100-400-30 

45. 3 

16.90 

j ■ 0.4 2 

® 260 

29.6 

44.4 

66.7 

54.4 

14.10 

7.30 

7 580 

0.110 

0.149 

1.10 

0.97 

< 0.54 

0.47 

; 63-100-400-35 

46 3 ' 

19.25 

j , a .78 


'27.4 

44.4 

61.8 

54.4 

16.00 

8.34 

7 540 

0.108 

0.133 

1.13 

0.97 

0.58 

0.47 


*-U.7 

(lUm D + 14.7 


] 


0.288 


NOTE: 

Item 23, Ideal Efficiency 
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pressure, this is not the ease. Although in all of these computations 
the air was supposed to be delivered to the mixer at 1.00 degrees 
Fahrenheit, Item 6, Table 11, shows that this was not actually true. 
A correction was therefore necessary. If the air entered the mixer 
below 100 degrees Fahrenheit more steam was actually used than if 
it had entered at the standard temperature; hence the heat required 
to raise the air used in the test from the temperature entering the 
mixer to 100 degrees Fahrenheit was subtracted from the total heat 
of the steam used. Similarly when the air entered the mixer at a 
temperature above 100 degrees Fahrenheit less steam was actually 
used than when the air temperature was 100 degrees; hence the 
correction was added. The total heat thus corrected and divided by 
the heat content of dry steam at throttle pressure gives Item 4 of 
Table 12. By means of this correction it is possible in subsequent 
calculations to disregard the actual temperature of the air entering 
the mixer. From the previous air tests, air-rates per indicated horse 
power and brake horse power are known. 

The manometer readings, Item 4, Table 11, are very small when 
the per cent of steam in the mixture is large. When the air con- 
sumption was small the mercury in the manometer was replaced by 
\tfater which clearly showed small differences of pressure. In the 
I able these pressures were converted from the observed heights of 
the column of water to heights of a column of mercury. From Item 
i) of Table 12 it is seen that after all corrections were made the ratio 
of the steam used to the total mixture often deviated considerably 
from the predetermined ratio as shown by the last number of the test 
designation. This deviation, however, caused no difficulty. Items 
7 and 8 show that the temperature difference between the throttle and 
the steam chest is small compared with that found when air alone is 
used. Even a small quantity of steam, 10 to 15 per cent of the mix- 
ture, will make this difference 4 degrees Fahrenheit or less; in the 


Table 11 

Observed Values for Engine Tests with Air-Steam Mixtures 





Venturi Meter 


1 

Throttling Calorimeter 



I 

2 

3 

4 5 

6 

7 

8 

9 

10 

Designation 

Date 

Temper- 
ature 
of Air 
Upstream 
(deg. F.) 

Pressure 
of Air 
U pstream 
(lb. per 
sq. in. Gage) 

Venturi 

Meter Barometer 

Manometer an. Mercury) 
(in. Mercury) 

Temper- 
ture of Air 
Entering 
Mixer 

(deg. F.) 

1 

Pressure at 
Calorimeter 
(lb. per 
pq. in. Gage) 

Temper- 
ature at 
Calorimeter 
(deg. F.) 

Quality of 
Steam 

Heat 

Content of 
Steam 
B. t. u. 


A-S- 100- 10 
A->- 100-20 
A- >-100-30 
A ->-100-50 
A-S- 1 00-75 
A-"- 100-80 
>-100 

5-5-13 
5— 5-13 
.5-5-13 
o— 6— 1 3 
5-0-13 
5-0-13 
5-0-13 

12S.G 

137.4 
130.0 

101.5 
102.3 

97.0 

101.3 

101.0 

102.9 

101.2 

100.5 

100.0 

1.42 
0.91 
0 04 
0.35 
0.12 
0.03 

29 31 
29 . 30 
29.30 
29.45 
29.45 
29.45 
29. 45 

106.7 

113.4 

113.0 

87.2 

89.2 

91.2 

121.4 
122.1 
120.1 

120.4 
120.6 
121.9 
100.0 

250.4 

251.0 
249.9 
249.3 
249.9 
249.9 

255 . 0 

0.972 
0 972 
0.971 
0 972 
0 .972 
0.971 
0 9 SO 

1166 
1 106 
1107 
1107 
1167 
1 107 


A-S— SO- 10 

4-25-13 

106.9 

81.9 

1.32 

29 . 35 

89. 4 

110.5 

249 . 3 

(i 977 

1170 


A ->->0-20 

4-2.5-13 

96 . 1 

81.1 

0.90 

29 . 35 

SO. 2 

110.0 

249.7 

0 . 077 

: : 70 


A-S-M 1-22.3 

4-21-13 

104.8 

82.4 

0.S3 

29.41 

83.1 

114.2 

24S.2 

0 . 973 

1107 



4-28-13 

98.0 

80.7 

0.60 

29.21 

S2.3 

110.6 

249.5 

0 975 

1 170 


i-s- >o-:>o 

4-2S-13 

99.5 

80.7 

0.32 

29 . 21 

84.3 

109 . 9 

250.1 

Q 9 7 0 

: 170 


A--—SU-73 

4-28-13 

93 . i 

S0.1 

0.13 

29.21 

>4.3 

110.2 

249.3 

0.975 

1 109 


A - >0— >0 

4-30-13 

91.0 

77.1 

0.04 

29 . 37 

87 . 5 

110.1 

251.1 

0 975 

i 109 


S-80 

4-25-13 




29 . 35 


80.0 

248.6 

0 . 280 

1 1 67 


A-S-oO-lO 

4-1.5-13 

118.7 

61.6 

0.99 

29 . 20 

85. 1 

113.9 

254.6 

i ) 977 

: 170 


A-—9U-20 

4-15-13 

101. i 

62.7 

0 . 62 

29 . 20 

70 .9 

110.0 

256 . 4 

) 979 

: :7i 


A-S-00-30 

4-15-13 

106.4 

61. S 

0 . 46 

29.20 

82.2 

111.3 

255 . 5 

0.978 

! 170 


A->- 60-50 

4-10-13 

100 . 1 

02.1 

0.26 

29 14 

84 . 8 

114.4 

246.1 

0 972 

' 166 


\ - S— * ‘>0-7 5 

4-10-13 

100.3 

01.0 

0. 11 

29.14 

87.2 

109.9 

247.3 

i.i 572 

. '00 



4-21-13 

S3 . 4 

00 . 4 

0.03 

29 . 46 

74.8 

100.3 

243.2 

; i 571 

’ 105 


>-00 

4-21-13 




29 . 46 


00.0 

231.4 

n 976 

' i : ./l J 
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Table 11 (Continued) 

Observed Values for Engine Tests with Air Steam Mixtures 


Condensate 


i. h. p. Data 


11 


12 


13 


14 


15 


16 


17 


IS 


19 


20 


21 


Designation 

Temper- 
ature of 
Con- 
densate 
(deg. F.) 

Condensate 
Weighed 
Tb. per hr.) 

[ 

; Moisture : , 

Carried Condensate 
Away in in Separator 
Saturated Due to 

Exhaust Heating Air 
1 Air of {lb. per hr.) 

Mixture 
! (lb. per hr.) 

Total W'et 
Steam 
(lb. per hr.) 

m. e. p. 
Head End 
of Cylinder 

m. e. p. 
Crank End 
of Cylinder 

i 

i. h. p. 
Head End 
of Cylinder 

i. h. p. 
Crank End ; 
of Cylinder 

Revolu- 

tions 

(per min.) 

Net 
Weight 
on Scales 

A-S- 100-10 

71.4 

96.6 

9.3 

6.9 

112.8 

i ' 

46.0 

i 46.5 

10.97 

10.51 

104.2 

191 

A-S- 100-20 

82.6 

162.5 

10.4 

5.7 

17S.6 

45.4 

46.7 

10 . 85 

10.57 

104.4 

191 

A-S- 100-30 

83 . 6 

207 7 

8.2 

6.6 

222.5 

45.7 

47.0 

10.91 

10 . 65 

104.4 

191 

A-S- 100-50 

85.1 

290.0 

7 2 

6.2 

303.4 

-15.4 

48.0 

10.82 

10 . 84 

104 . 1 

196 

A-S- 100-75 

8S.9 

423 . 6 

4.8 

4.6 

433.0 

47.3 

49 6 

11.26 

11.18 

104.0 

199 

A-S- 100-80 

90.4 

500.8 

2 7 

1.8 

505 . 3 

47.8 

48.7 

11.39 

11.00 

104.1 

199 

S-100 

96.0 

630 . 4 

0 0 

0.0 

630.4 

47 6 

51 . 4 

11.33 

11.59 

103.9 

206 

A-S-80-10 

80 . 4 

76.1 

8.1 

5.7 

89.9 

36.7 

3S.6 

8.74 

8.71 

104.0 

151 

A-S-80-20 

82.0 

| 111.2 

6.0 

5.4 

122.6 

35.4 

37.6 

8.42 

8.48 

103.9 

151 

-S-80-22.3 

111.6 

105 . 5 

22 4 

5.8 

133.7 

36.8 

37.2 

8.78 

8.41 

104.2 

154 

A- S-80-30 

92.7 

170.3 

6.9 

4.7 

181.9 

35.5 

38.2 

8.45 

8.61 

103.9 

151 

A-S-S0-50 

101.3 

248.7 

4.3 

4.9 

257.9 

35.6 

38.1 

8.47 

S . 59 

103.9 

151 

A-S- 80- 7 5 

101.2 

317.3 

2.7 

4.2 

324.2 

36.4 

36 9 

S . 68 

8.33 

104.1 

151 

A-S— 80-80 

92.0 

392.0 

2.2 

3.5 

397.7 

35.7 

37.7 

S . 50 

8.51 

104.0 , 

151 

S-80 

123.1 

532 0 

0.0 

0.0 

532.0 

38.1 

40.1 

9.08 

9 . 06 

104. 1 

161 

A-S-60-10 

65.7 

567.0 

4.7 

4.0 

65.4 

26.2 

27.4 

6.25 

6.19 

104.2 

106 

A-S-00-20 

78.0 

975.0 

5.9 

4.0 

107.4 

25.8 

26.7 

6.16 

6.04 

104.2 

106 

A— S— <K)-30 

. 84.0 

130.3 

i 5.9 ; 

3.8 

140.0 

25.7 

26.3 ' 

6.14 

5.96 

104.4 

106 

A-S-00-50 

107.6 

; 178.0 

9.7 ; 

3.6 

191.3 

25.6 

26.6 

6.11 

6.01 

104.2 

106 

A-S-60-75 

i 117.9 

j 242.5 

7.9 ! 

2.9 | 

253.3 1 

f 26.1 

27.0 ! 

6.22 

6.10 

104.1 

106 

A-S-60-S0 

91.0 

| 311.5 ; 

2.0 

2.6 

316.1 

25.2 

27.5 | 

6.00 ! 

6.21 

104.0 

106 

S-60 

! 98.7 

! 397.5 

0.0 

0.0 j 

397 . 5 | 

24.6 

27.0 I 

5.86 ! 

6.10 

104.1 

106 


Table 12 

Observed Values and Computed Results for Engine Tests with Air-Steam Mixtures 


Designation 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Pressure 
at Throttle 
lb. per aq. 
in. Gage) 

Total Air 

Total 
Steam, 
Terma 
of Dry 
Steam 
(Prea. in 
Item 1) 
lb. per hr. 

Total 
Mixture 
lb. per hr. 
(Item 3 
+ 

Item 4) 

Dry 

Steam 

in % of 
Mixture 

Temperature (def. F.) 

i. h. p. 

b. h. p. 

Mech. 

Efficiency 

cu. ft. 
Free Air 
per min. 
per i. h. p. 
(62° F., 
14.7 lb. 
per aq. in. 
Abe.) 

cu. ft. 
Free Air 
per min. 

(60° F., 
14.7 lb. 
per sq. in. 
Abe.) 

lb. per hr. 

Mixture 
at Throttle 

In Steam 
Cheat 

At 

Exhaust 

A-S-100-10 

100 

144 

654 

112 

766 

14.6 

234 

231 

128 

21.48 

19.90 

92 6 

0 65 

A -3- 1 00- 20 

100 

114 

522 

177 

701 

25 2 

268 

206 

158 

21.42 

20.00 

93.2 

5.32 

A-b-i 90-30 

100 

08 

444 

220 

664 

33.1 

284 

282 

171 

21 . 56 

20.00 

92.9 

4.51 

A - 8-1 00-50 

100 

73 

334 

296 

630 

47.0 

302 

300 

185 

21.66 

20.44 

94.5 

3.37 

A-S- 100-75 

100 

43 

197 

423 

620 

68.2 

321 

319 

201 

22.44 

20 70 

92.2 

1.92 

A-S- I 00-80 

100 

23 

105 

f 494 

599 

82.5 

330 

329 

207 

22.39 

20.74 

92.8 

1.03 

3-190 

100 

0 

0 

622 


100.0 

338 

338 

212 

22.92 

21.40 

93.4 

0.00 

A-S- 30-10 

80 

120 

586 

87 

673 

| 12.9 

222 

218 

125 

17.45 

15.70 

00 1 

7.37 

A S- 50-20 

80 

107 

491 

119 

611 

19.5 

244 

241 

147 

16.90 

15.68 

92.9 

6.34 

A-S- 80-22.3 

80 

303 

472 

130 

602 

21.6 

249 

245 

151 

17.19 

19.02 

93.2 

6 00 

A S- *0-30 

80 

S3- 

400 

178 

578 

30.8 

267 

265 

169 

17.06 

15.68 

92.0 

5 13 

.. — -0-50 

80 

64 

290 

254 

544 

46.7 

288 

286 

180 

17.06 

15.58 

92 0 

3. 73 

A -8- '-0-75 

80 

39 

180 

318 

408 

63.9 

303 

302 

197 

17.01 

15.71 

92.5 

2.33 1 

A 89— *0 

80 

24 

107 

391 

498 

78.5 

313 

312 

205 

17.01 

15.70 

97.5 

1.38 

A- - O 

SO 

0 

0 

525 

... 

100.0 

326 

325 

212 

18.14 

10. ~5 

02.5 

0.00 

• -S~ 50-iO 

60 

102 

448 

63 

511 

12.3 

201 

198 

121 

12.44 

11.05 

89 0 1 

7 90 

A"— 20 

60 

80 

367 

105 

472 

22.2 

235 

233 

151 

12.20 

11.05 

90.7 

6 . 58 i 

A 4- ‘* --30 

eo 

67 

307 

138 

445 

31.0 

251 

248 

164 

12.10 

11.08 

9i . a 

5.57 | 

A-S- V 30 

60 

52 

236 

189 

425 

44 5 

271 

269 

182 

12. 12 

11.05 

91.3 

4 26 

8. -.4- 30 -75 

60 

32 

146 

250 

396 

63.1 

287 

285 

190 

12.32 

11.03 I 

89.3 

2 61 

v 4~ • -0 

60 

19 

82 

311 

393 

79 1 
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“Compressed Air Motors,” Carl Snyder, Harper’s Weekly, December 5, 1896: 

For the last three months, on the 125th Street surface line in New York City, two new cars 
have been in operation that offer at novelty in the way of street traction. They run without 
visible means of propulsion; there is neither overhead trolley cable nor conduit; they are very 
near to noiseless, they run smoothly, and start and stop without jerk or jar. These cars alternate 
with those propelled by cable, and, save in the smoothness of their operation, there is outwardly 
nothing to announce that they are unique. They have thus far covered 12,000 miles and carried 
some 75,000 passengers, and this not so much without accident as without incident. They are a 
long stride toward the dream of the street-railway manager — an independent self-contained 
motor — and that they are successful means much. If the claims of economy are substantial it is 

an allowable surmise that this is the traction 
force of the future in large cities if not in small. 

The new motors represent the latest phase 
of development in a very wonderful new power 
which has been rapidly coming into use in the 
last ten or fifteen years. That is compressed air. 
The remarkable powers of this force have been 
largely lost sight of in our modern flood of 
marvels. If, a hundred years ago, Franklin had 
made an announcement of a way to bottle up the ambient atmosphere in steel flasks or flasks of 
any sort, and to tuck these in obscure corners, and use the power resident in them for many and 
divers conveniences, there is hardly room for doubt that his discovery would have been regarded 
in that day every whit as extraordinary as his feat of drawing lightning from the clouds. And 
there are those of competent judgment who believe that if a tithe of the inventive and mechanical 
genius that has been employed in the development of electricity had been diverted to the 
perfection of appliances for the use of compressed air, the present relation of these two novel 
aids of industry would be very different, if not reversed. But electricity was mantled with the 
glamour of the unknown; for a long time there seemed no limit to its capabilities; it was being 
applied everywhere and in the most surprising variety 
of ways; and in the furor it created, compressed air 
found little favor beside its more its brilliant rival. 

Of recent years, however, the limitations of 
electricity have become more clearly defined, and in 
the mean while compressed air has gained a hearing. 

There are few, perhaps, outside of those who follow 
the technical journals, who are aware of the immense 
progress that has of late been made in the 
employment of this new power, and the astonishing 
multiplicity of uses to which it is now put. 

The Westinghouse air brake, and the 
compressed-air drill that is to be seen almost any day 
making excavations for buildings and the like, have 
long ceased to be regarded as novelties. But it is 
different when we learn that this same force is now 
used to start cars, and even to run them, and that this same air-drill, working in the mine, has 



Fig. 1 — Car using the Hardie Compessed Air 
Motor on 125th Street, New York City. 


“...if a given quantity of compressed 
air costs a dollar to generate, the 
further expenditure of ten cents in 
reheating will double its power to 
do work.” 
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literally added hundreds of millions to the available mineral wealth of the world. The enormous 
increase in the production of gold, as well as of silver, coal and iron, copper, and other metals, 
has in no small part been due to this convenient tool. Further, it has been the principal agent in 
the construction of Chicago's great drainage canal, in many respects one of the most wonderful 
enterprises of the day. 

Then again, we are all of us aware of the use of compressed air in the Zalinski dynamite 
gun, which is able to hurl a charge of explosive a mile and a half, sufficient to convert a whole 
regiment into unrecognizable pulp. It is another matter to learn of this same force cleaning 
carpets, dusting cushions, and painting cars and barns. And as we go a little further, we find this 
Protean force operating block signals on our railroads, and steering ships, running clocks, and 
furnishing cold air for refrigerators, loading guns and handling projectiles on our men-of-war, 
propelling sewing-machines, doing all sorts of hoisting-work, driving lathes and printing-presses, 
copying letters, and running summer fans. In Australia it is shearing sheep; in Kansas City 
beeves are slaughtered and the meat dressed mainly with compressed air. It is an excellent pump, 
especially for deep wells, and in particular for chemicals. With the same power you may dump a 
whole train of coal or dirt cars by the pressure of your thumb. It is carving beautiful statuary, and 
employed in all sorts of stone-work; it makes a good dredge; it raises and lowers railroad gates; it 
is a valuable agent in the sugar-refinery and in the making of asphalt and rubber, and still again 
in the delicate manufacture of fine silk. In the coal-mines it is running locomotives, bringing 
oxygen and life to the exhausted operative, and banishing the fear of deadly explosions. In 
England a hundred and fifty miles of pneumatic tubing facilitates the rapid transfer of mails, and 
the same system is in use in Philadelphia, and just recently between New York and Brooklyn. In 
England, again, employed in the dry docks, compressed air is made to lift huge vessels out of the 
water as if they were toys, and in the same way it will shortly be introduced on the Erie Canal in 
working the new quick-action high-lift locks. It is a good fire-extinguisher, and an excellent hoist 
for grain. It is used by the physician and surgeon in many delicate operations. In the railroad 
shops of Jersey City and many other points it is everywhere running machinery, lifting huge 
loads, riveting bolts, driving hammers, sand-papering cars. In Paris, under the famous Popp 
system, where it has had its widest application, it is employed in almost every conceivable 
variety of work. 

Now that this new power has, so to speak, found its feet, it would be difficult to set limits 
upon the vast variety of uses to which, in the future, it will be put. It forms the basis of the 
gigantic project of a great ship-canal from the Great Lakes to the sea, described in these pages a 
year or more ago, which will be equipped with locks capable of raising an ocean liner to the 
height of Niagara with the same ease as a clumsy canal barge is now lifted the height of a bean- 
pole, and with much more rapidity. The bicycle tire, the pneumatic cushion and pillow and horse 
collar, are but a beginning of its use in this direction, and it seems now the most convenient 
power for the automobile cart. And when it is generated in large central stations, and distributed 
over the city in the same way that gas and water and electricity are now distributed, you may 
expect, madam, that it will clean house for you — beat your carpets and clean your walls— and 
take a general hand in your household affairs. It will pick you up and set you down from floor to 
floor. It will be waiting for you at your door, and whisk you to the shopping districts. It may 
treadle the sewing-machine, agitate the dish-washer and smash your costliest china with all the 
dexterity and sang-froid of your most accomplished handmaiden. All this and much more it may 
do, if we are to believe some of those who are given to peering into the to-morrow of things. 
These tell us that even now compressed air is an equal-footed rival of electricity, and that while 
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the latter has been thrusting the steam-engine from the field, compressed air has entered the lists 
against this latest knight of industry. 

In view of all these things, its multiplied uses in the present, and the large possibilities of 
its future, the wonder of it all now seems that compressed air should not have come in long ago. 
It is not new, any more than electricity is new. In a sketch of its history in an interesting little 
periodical, Compressed Air, published in New York City, the earliest notable use of this power is 
set down to the construction of the Mount Cenis tunnel. It was first employed on a large scale in 
this country in the building of the Hoosac tunnel, along about 1866, and from this time its 
advancement has been steady and sure. But it has been, apparently, the Cinderella of the 
mechanical arts. It made its appearance in an age given over to a sort of electrical mania, and 
there seemed no godmother genius like Tesla or Edison to bring the golden slipper to its 
neglected hearth. 

Three notable steps of advance wrought a striking 
change in this order of affairs. When compressed air was 
first tried, it was found that the loss of power was 
enormous. It was difficult to store, for the air leaked 
rapidly away; it was expensive to generate, and there were 
thermo-dynamic difficulties in its use without number. 

When a thousand cubic feet of air is jammed into the space 
of one, a large amount of heat is developed, and in order to 
store and use the air this heat must in some way be drawn 
off. Similarly, air at high pressure, when released, cools 
rapidly. The result, if there be a sufficient moisture, is 
freezing and clogging. For a long time it was thought these 
difficulties were largely insuperable. 

Now, however, these very difficulties are turned to a 
profit — to such excellent profit, indeed, as to afford an 
apparent paradox. It seems idle to assert that it is possible to 
get as much power out of a machine as you put into it — this 
means a frictionless and wasteless mechanism. And yet a 
very near approach to just this condition seems to have been 
made in the case of compressed air. This is due to the 
development of the reheating process. Lest the reader be not familiar with the technique of the 
subject, it may not be idle to explain its broader features. In the process of compression the air is 
sucked into a piston, and then rammed into a reservoir surrounded by a water jacket, the latter 
drawing off the heat generated in the compression. The machine which does this work is a 
beautiful affair of what is known as the four-stage type. That is to say, the air is first driven up to 
about eighty pounds pressure and cooled; then turned into a second cylinder, where it is 
compressed still further, then cooled again; and so on up to the desired point. Thus even at two or 
three thousand pounds pressure to the square inch the air within the reservoir remains at 
somewhere near the temperature of the outside atmosphere. But if the air be used in this 
condition, not only will a large share of the power employed in compression be lost, but it will, 
as already noted, have a tendency to freeze everything within reach. If, however, as it is released, 
it is passed through a heater or is shot through superheated hot water it will, under the well- 
known properties of air, enormously expand. In actual practice it has been found possible to add, 
by reheating, one horse-power to each horse-power developed by compression, at one-eighth or 



Fig. 2. — The Mekarski Compressed 
Air System used in Paris — 
recharging en route. 
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one-tenth the original cost of the latter. That is to say, if a given quantity of compressed air costs 
a dollar to generate, the further expenditure of ten cents in reheating will double its power to do 
work. Theoretically the total efficiency thus obtained is actually greater than if the same amount 
of coal had been burned in an ordinary steam-engine and the power thus generated used direct. In 
practical use it is slightly less. 

With the reheating method came a marked improvement in compressing apparatus, in 
which advance, it is to be noted, the United States has taken the lead. There yet remained a third 
problem, the same that has baffled the electrician — the question of storage. It was found that air 
at high pressure is much more penetrating, for example, than steam. Now, however, storage 
reservoirs have been devised in which the loss from leakage is next to nothing. These are known 
as Mannesmann tubes, and are simply large, seamless, rolled flasks of mild steel, with but a 

and may be drawn to hold air at very high 
pressure. With these it is possible to reach a 
large amount of stored-up energy in a very 
small space, and without danger, for if these 
tubes were to burst they would not fly in 
pieces, but would simply rip, like a leather 
bag, and beyond a swift rush of air and a loud 
report there would be no hazard to life. With 
low cost of generation, economy of 
expenditure in use, and perfect storage, it 
remained only to develop the special 
appliances for its immediate application to 
give compressed air its present wide range. In 
particular did this advance make possible its 
use as a traction agent. The first to experiment 
in this field were the French. The surface cars 
to be seen in New York City are by no means 
the first of their kind. They represent simply 
an improvement of the well-known Mekarski 
system of Paris. The latter has been in use in the French capital for something like ten rears, and 
a number of different attempts have been made from time to time to introduce it in this country. 
The requirements of a service for the narrow and crowded thoroughfares of a city like New 
York, however, seemed too great for the French system to meet. It was not economical, it was 
heavy and clumsy, and not feasible in other ways. The Hardie system — that in use in New York 
City — seems to have overcome these difficulties, and, furthermore, to be able to cope with the 
peculiar and perplexing conditions which obtain in the congested portions of a large city where 
the overhead trolley is not allowed. 

The cars are identical in appearance, both inside and out, with the type used on the cable or 
trolley roads, and the motive apparatus is completely hidden from view. It is located entirely 
beneath the seats and the body of the car, and is controlled by a mechanism that out-wardly does 
not differ from that for the control of the trolley. As the car starts, there is some slight hissing 
noise, and that is all. The ease with which it is started and stopped does away with the 
exasperating jerkiness of the cable; and aside from this, the system seems much safer, from the 
quickness with which the car may be brought to a standstill. In cases of prime necessity the 
whole force of the compressed air which the car carries may be thrown upon the wheels, and a 


single vent. These are of high tensile strength. 



Fig. 3. — Motor and Train in Paris (Mekarski 
System). 
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dead stop from full speed effected in a few feet. The immediate operation would no doubt 
slightly dislocate the occupants of the car, but it would be a departure from the system of 
wholesale depopulation and dismemberment which seems the special mission of the trolley. Like 
the latter, the speed of the motor is variable within wide limits, and much faster runs may be 
made at night, after the theatre, than is possible with the cable. 

The mechanical features of the Hardie 
motor are exceedingly simple. An apparatus 
substantially identical with that of the steam- 
locomotive is supplied with compressed air, 
instead of steam, from tubes extending under the 
car seats. These tubes or cylinders are charged at 
two thousand pounds pressure, but when used 
the air is passed through a reducing valve, 
bringing the pressure to one hundred and thirty 
pounds. The reheating is effected by forcing the 
air, before its entrance to the valves of the 
driving-gear, through a chest of superheated 
water. In its passage through the latter the air is 
not only enormously expanded, but is converted 
into a sort of vapor, which, it is claimed, gives a 
peculiarly high efficiency. In all about fifty-one 
cubic feet of air is stored in the steel reservoirs, affording sufficient power to run the car fifteen 
or eighteen miles, including stops. The time occupied in recharging the cars with air and hot 
water is not more than a minute, so that there is practically no delay. The motor mechanism itself 
consists of two simple, link-motion reciprocating engines, which do not differ materially from 
ordinary steam-engines in their features, save in their use of air. By ingenious device it is 
possible to start the motor at any point, and there is thus no chance for stoppage over a "dead- 
centre." It is to be noted that this ability to start promptly under all conditions is a feature the lack 
of which has been one of the principal causes of failure of air-motors heretofore tried. Still 
another unique device is that by which a surcharge of air is admitted to the valves in order to 
accelerate the start, this pressure being shut off when the car gains its full speed. The 
manipulation of the whole mechanism is exceedingly simple, requiring no more skill than that of 
the ordinary trolley. The cars move in either direction with equal facility, and are under such 
perfect control that it is possible to start and stop them within a space of two inches. The same 
lever that re leases the brakes operates the starting-gear, and, similarly, brakes are applied and 
the air cut off with a single motion of the wrist. As I am confining myself entirely to the 
favorable points of the new motor, it may be added that further claim is made for the Hardie 
motor that it is the cheapest of all systems in point of first cost, since it requires no subterranean 
or overhead construction, and can be introduced on any track. Each car being independent and 
carrying its own motive power, no derangement of machinery at the central station or of the 
"feeder” — that is, of cable or trolley — can affect the whole line. Electrical storms are, of course, 
no danger, and there are no cables to strand and to afford the reporters for the morning 
newspapers material for exciting tales of running-away cars. There is no dissipation of energy, as 
in the case of steam, trolley, or cable, since practically only such power is taken as is actually 
used. The smoothness of operation represents a further economy, alike of temper and profanity, 



Fig. 4. — Compressed Air Locomotive to be oper- 
ated on the Elevated Railroad in New York City. 
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so that I doubt not the ingenious promoter will hardly fail to represent them as an agency for the 
moral regeneration of the community. 

There remains the single factor of economy of operation . Diligent inquiry upon this point 
failed to bring forth any really illuminative facts; probably the latter do not exist. It is claimed 
that compressed air for traction is less than half as expensive as the cable; and there is a further 
gain in fixed charges, since the cost of insulation is immensely less than in that of the cable of 
the underground trolley. This can only be demonstrated by actual experiment, such as is now 
being made in New York. Aside from the trial on the 125th Street line, the same company has 
now under construction a compressed-air locomotive which will be employed to draw a train of 
five cars on the Manhattan Elevated Railroad between Rector and 58th Streets. Still further, 
besides the Hardie system, the Metropolitan Railroad has on trial yet another compressed air 
motor, the invention of W. J. Knight and Joseph H. Hoadley. Three cars of the latter construction 
are now in use on the Lenox Avenue line, but of their capability, as of their special points of 
construction, the inventors do not as yet care to speak. 

The detail of the development of compressed air here given is necessarily but a sketch, but 
even this will disclose that much more than a beginning has been made. The general use of the 
new power will come only with the advent of large central distributing stations, from which it 
can be had as freely as is gas or water now. While in a sense it is a rival of electricity, yet it is not 
impossible that it will soon become a yokemate rather. The alternating electrical current may be 
employed to transmit cheap power long distances, as from Niagara and the Pennsylvania culm- 
banks, and this power converted into compressed air at the point of consumption — electricity 
being probably the best agent for distance transmission, and compressed air the most mobile 
form of power for immediate use. Even this is mere conjecture, however, since there is at least 
one engineering genius — a man of remarkable achievement, at that — who has distinctly in view 
the compression of air at great water-powers like Niagara, conveyance by pipe-lines, at 
enormous pressure, so far as New York or Philadelphia, and delivery at prices with which 
electricity cannot compete. But whether as yokemates or rivals, it must be clear to the dullest 
imagination that present conditions are but a stage, and that we are but on a threshold of the day 
when these two forces, harnessed and trained, will, from their cheapness and availability, and in 
their infinite application, lift a considerable share of the burden of physical toil from the 
shoulders of the race. 



